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THE MECHANISM OF THE PHOTODYNAMIC EFFECT*t
W. L. FOWLKS, Ph.D.
A little over half a century has passed since
Raab first reported that the toxicity of acridine
toward paramecia was proportional to the
amount of light incident on the mixture. Since
that time many investigators have demonstrated
this effect by shining lights of one kind or another
on many combinations of chemicals and living
systems. Those lights were brought to focus by
Blum in his 1941 review of the photodynamie
effect (5). However the sharpness of the image has
faded somewhat in the intervening years and it
is hoped that these efforts at another review will
prove focusing rather than diffusing.
The most general statement one can make
about the photodynamie effect is that irradiation
of a combination of the dual agents, photosensi-
tizer and biological material, results in changes
usually observed in the biological material. The
observed response, however, may only differ
quantitatively from an apparently similar re-
sponse obtained by either the light or the sensi-
tizer acting on the biological material alone but
usually no effect is observed in the absence of one
or the other of the dual agents. Biological material
should be understood to mean the living cell or
any of the complex or simple structures or com-
pounds which go to make up this basic unit of liv-
ing matter. Viruses and phages must be consid-
ered since their reproduction requires a living cell.
DEFINITION OF PHOTOSENSITIZATION
As generally used the term "photodynamie ac-
tion" means an oxygen obligate photosensiti-
Zation of a living system. In some eases the same
term has been used when discussing photosensi-
tized effects produced in non-living biological
materials. In this paper the term photosensiti-
zation will be used as the more general term
covering any observable change in a system con-
taining biological material and photosensitizcr
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which only occurs as a result of irradiation of the
mixture.
THE PHOTODVNAMICALLV ACTIVE COMPOUNDS
The photoscnsitizing compound which has been
most extensively investigated is methylcne blue,
although dyes of all types have had their share of
attention. Those compounds with a porphyrin
ring, the ehlorophylls and hematoporphyrins, and
also the fiavins of natural origin have been
studied almost as much. Carcinogenic hydro-
carbons and hypericin, a structurally similar ma-
terial isolated from St. Johnswort, have also
proven to be photodynamic agents. A new group
of naturally oceuring compounds, the furocouma-
rins (43) (45) (89) (99) has recently been shown
to posses photosensitizing properties. A list of all
the photosensitizers which have been investigated
since 1936 and are confirmed to have photoscn-
sitizing properties against biological materials are
listed in Table I.
MOLECULAR SIMILARITY OF PHOTOSENSITIZING
COMPOUNDS
Many of the compounds listed are not very re-
active in the usual chemical sense. There are few
common features of structure although it should
be noted that most of the compounds listed, in-
cluding the more active photosensitizers, have a
trieyclic ring structure resembling that of anthra-
cene, a compound of low activity. If one considers
only those photosensitizers with nn anthraeene-
like tricyelie structure somewhere in the molecule
it would appear, from the data presently available,
that photosensitizing ability is increased when
one or more of the meso atoms, or the para atoms
of the central ring, are changed to hetcro atoms.
From the specific reaction velocities reported by
Yamamoto (168), the following order of increas-
ing effectiveness as photosensitizcrs against bac-
teriophage becomes apparent for the anthraeenc-
like compounds with meso atoms as indicated:
C,C <C,O  N,N <N,O  C,N <N,S.
(Table II). Change from linear annulation to
angular annulation as anthraccne to phenan-
threne (44) results in marked decrease in effec-
tiveness.
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TABLE I
Pholosensitizers
Compound Active Region of Spectrum References
Hydrocarbons:
Anthracene Near U.V. (44) (58)
1,2-Benzanthracene Near U.V. (34) (79) (167)
3,4-Benzpyrene Greater than 330 mj (3) (18) (19) (20) (34) (35) (58) (59)
(60) (61) (126) (167)
Cholanthrene (34)
1,2,5, 6-Dibenzanthracene (90)
9, 10-Dimethyl-1 , 2-benzanthra- (58)
cene
20-Methyicholanthrene Near U.V. (34) (79) (90) (167) (168)
Pyrene (58)
Dibenzopyran Derivatives
Eosin Visible (30) (34) (36) (41) (51) (55) (63) (72)
(74) (79) (86) (90) (102) (105) (112)
(117) (118) (120) (124) (145) (146)
(150) (151) (168) (171)
Erythrosin Visible (41) (51) (55) (86) (88) (117) (124)
Fluorescein Visible and near U.V. (18) (41) (51) (120) (124)
Pyronine G. Visible (168)
Rose bengal Visible (1) (6) (31) (47) (110) (112) (113) (124)
Phenazine Derivatives
Neutral red Visible (46) (90) (134) (168)
Safranine Visible (140) (168)
Phenoxazine Derivatives
Brilliant cresyl blue Visible (168) (169)
Nile blue Visible (136)
Acridine Derivatives
Acridine Visible (34) (74) (112)
Acridine orange Visible (10) (55) (56) (168) (169)
Acridine red Visible (55) (56) (127)
Acriflavine (Trypaflavine) Visible (2) (34) (55) (56) (65) (66) (67) (68)
(74) (86) (102) (147) (168) (169)
Aurophosphine Visible (56)
Coriphosphine Visible (56)
Diaminomethyl acridine Visible (69)
Rivanol Visible (86) (168)
Pheriothiazine Derivatives
Azure I Visible (136) (168)
Azure II Visible (136) (168)
Methylene blue Visible (37) (55) (56) (71) (85) (86) (102) (106)
(109) (120) (124) (129) (152) (153)
(155) (156) (157) (158) (159) (160)
(161) (162) (163) (165) (168) (169)
(171)
New methylene sky blue N Visible (55) (56) (160)
Phenothiazine Visible (32) (79)
Thionine (Lauths violet) Visible (160) (168)
Toluidine blue Visible (24) (136) (160) (168) (169)
Furoeoumarins
Angelicin Near U.V. (98) (99)
Isobergapten Near U.V. (45) (98) (99)
5-Methoxypsoralen Near U.V. (45) (98) (99)
8-Methoxypsoralen Near U.V. (43) (45) (89) (98) (99)
Psoralen Near U.V. (45) (98) (99)
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TABLE I—(Continued)
Compound Active Region of Spectrum References
Furochromones
Khellin
Visnagin
Miscellaneous Tricyclic
2 Acetamido fluorene
6 Amino anthrapyrimidine
Hypericin
Oestrone
Quinine sulfate
Riboflavin (Lactoflavine)
Porphyrins
Chlorophyll
Hematoporphyrin
Magnesium phthalocyanine
Phylloerythrin
Triphenyl Methane
Aniline blue
Methyl violet
Rosaniline
Water blue
Victoria blue
Miscellaneous
p-Aminobenzoic acid
Dicyanine A
Diethylstilhesterol
p-Dimethyl amino azo benzene
Lantanin
Perloline
Sulfanilamide
Sulfanilic acid
Trypan blue
Triethylene melamine
In the case of the psoralens acting on human
skin Musajo, Rodighiero and Caporale (99) sug-
gest that substitution of hydroxyl groups at one
or both of the 5 or 8 positions results in loss of
activity as does a nitro or amino group at the 5
position. This was confirmed by Fowlks, Griffith
and Oginsky (45) on bacteria with the additional
observation that hydrogenation of the furan ring
also results in loss of activity. The introduction
of a nitro group even on the very active pheno-
thiazine nucleus results in a virtually inactive
compound as is evident if one compares methyl-
ene blue with methylene green which is nitro
methylene blue (168).
It thus appears reasonable to hypothesize that
those compounds with tricyclic condensed aro-
matic ring systems with or without hetero atoms
should have some degree of photosensitizing ac-
tivity. Compounds which are readily transformed
(45)
(45)
(19)
(128)
(14) (28) (104)
(19)
(18) (34)
(7) (8) (9) (49) (53) (130)
(11) (48) (64) (82) (83) (90) (111) (112)
(9) (22) (23) (33) (51) (57) (73) (74) (78)
(123) (138)
(83)
(26)
(136)
(86) (168)
(168)
(136)
(168)
(50)
(88)
(19)
(19)
(91)
(29)
(4) (16) (105)
(15)
(136)
(137)
into this configuration during irradiation should
also be photosensitizers. A compound with linear
annulation should display greater activity than a
similar compound with angular annulation. Sub-
stituents on such tricyclic aromatic nucleae may
modify the activity. Those substituents which
due to their ionic character tend to increase the
stability of the photosensitizer biological material
complex may result in an increase in the observed
activity. The same effect may be noted if the
substituent tends to increase the solubility in
polar solvents and the opposite effect should be
noted if a substituent causes decreased solubility
in polar solvents. Substituents with high electron
density such as nitro groups and presumably car-
hoxyl, cyano and tricloromethyl groups should
reduce activity when substituted at a position
corresponding to the 1, 4, 5, 8, 9 or 10 positions
of anthracerie.
Near U.V.
Near U.V.
330 m
Near U.V. and visible
330 mp.
330 mp.
Near U.V, and visible
Visible
Visible
Visible
Visible
Visible
Visible
Visible
Visible
Up to 820 m1
330 mjz
330 mj
Visible
Visible
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20-Methyicholanthrene
Eosin
Pyronine C
Neutral red
Safranine
Brilliant cresyl blue
Rivanol
Acriflavine
Acridine orange
Methylene green
Thionine
Azure II
Toluidine blue
Azure I
Methylene blue
* at pH 5.3
t at pH 8.0
ACTiON SPECTRA OF PHOTOSENSJTIZED RESPONSE
A beam of light which traverses a body of
matter unchanged either in intensity or wave-
length cannot be the cause of any physical or
chemical change in that body of matter. This is
a general statement of the law of conservation of
energy for the case of radiant energy. It embodies
both the Einstein law of photocquivalencc and
the Grotthus-Draper law. Conversely if a beam
of light traverses a body of matter, but, after
allowing for scattering, is found to be reduced in
intensity, the wavelengths of light which did not
emerge have made some physical or chemical
changes or both in the body of matter. Since the
photodynamic effect undoubtably falls in the cat-
egory of "chemical changes" those absorbed
wavelengths which cause chemical changes will in-
clude the photodynamically effective wave-
lengths. The sorting out of which absorbed wave-
lengths participate in the photodynamic effect is
particularly important if an understanding of the
mechanism of the reciprocal role of light and sen-
sitizer is to emerge. This problem has been ap-
proached by assuming that the photodynamic
response of the given system will be directly pro-
portional to the amount of each effective wave-
length absorbed. Thus as expected plots of rela-
tive biological effect against wavelength for equal
doses of incident monochromatic light have rc-
sulted in curves which paralleled some portion of
the absorption spectrum of the photosensitized
system. This would seem to validate the assump-
tion and to reveal the effective wavelengths. How-
ever, Loofbourow (172) and Blum (5) have dis-
cussed the assumptions and pitfalls of this ap-
proach but have concluded that with proper
technics the method can give some idea of the
action spectrum.
By this approach it has been shown that the
action spectrum of hypericin agrees within rea-
sonable limits with the principal absorption bands
in the visible of hypericin (104). Weil found that
the action spectra of photooxidations with meth-
ylene blue have maxima at 670 m corresponding
to a maximum in the absorption spectrum of
methylene blue (160). It has been reported that
dicyaninc A will photosensitize bacteria when
irradiated with near infrared (820 mji) (88).
Heinmets, Vinegar and Taylor (71) found two
peaks in the absorption spectrum of methylene
blue absorbed to E. coli B., the usual 670 mjz
maximum of mcthylenc blue and a 610 mji peak
due to the dye-bacteria complex. Irradiation with
light of the wavelength of either peak was equally
effective in killing the bacteria. This principle has
been used by Elkind and Sutton (39) in an effort
to identify a photosensitizing material elaborated
by haploid yeast cells on storage in non-nutrient
buffers. In general most investigators have not
reported the action spectra for their systems even
though one can gain considerable information by
merely interposing a layer of sensitizer solution
between the light source and irradiation mixture
(71).
FACTORS AFFECTING PHOTOSENSITIZED RESPONSE
The effect of varying the concentration of
photosensitizer has been studied in too many
cases to cite individually. In general it is found
that the effectiveness increases as the photosen-
sitizer concentration increases until a maximum
is reached after which further increases in the
concentration of photosensitizer reduced the ef-
fectiveness. These sorts of studies arc complicated
by the appearance of in-the-dark toxicity in most
cases. The usual explanation offered for the fall
off in effectiveness at higher photosensitizer con-
centrations is the light screening effect of the
photoscnsitizcr itself (71, 160, 163). An equally
valid explanation may be a photochemical reac-
tion between two molecules of the photosensitizer.
TABLE II
Compound
Atoms
at Meso
Position
velocity
Coostaot(mio')
at pH 7.4
CC
CO
CO
NN
NN
NO
CN
CN
CN
NS
NS
NS
NS
NS
NS
0.018
0.029*
0.050
0.073t
0.095t
0.259
0.101
0.246
0.301
0.024
0.102
0.362
0.397
0.704
0.870
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In cases where photo-dimerization is known to
occur this point should be investigated.
Blum (5) and others have pointed out that the
Bunsen-Roscoe reciprocity law must be obeyed if
the photodynamic effect is indeed based upon a
primary photochemical event. In those cases
where this criterion has been applied it was found
to hold within certain limits. Loofbourow (172)
has discussed theoretical reasons for failure of the
reciprocity law for ultraviolet irradiation. Blum
(5) has pointed out that in photodynamic hemoly-
sis other biological effects may mask the photo-
dynamic effect and thus the reciprocity law does
not seem to hold.
The intermittent application of light results in
no significant increase or decrease of response for
a given dose of light (5, 163). These data suggest
that there is a direct non-reversible action of the
light and sensitizer on the biological material.
Delayed response, such as the delay in hemolysis
noted by Blum (5), is most easily thought of as
the minimum amount of damage which will re-
sult in eventual destruction of the cell as con-
trasted with the amount of damage sufficient to
cause immediate destruction.
Another application of the concept that bio-
logical response is proportional to dose of light is
the use of killing rate curves to study the kinetics
of photosensitized biological response. Presum-
ably one observes first order kinetics if a plot of
the logarithm of survivors (or casualties) as a
function of dose of light at a given concentration
of sensitizer results in a straight line. Such plots
have usually resulted in sigmoidal curves al-
though other types have been noted. Yamamoto
(168, 169), using bacteriophage, observed an ap-
proximate straight line relation between time of
irradiation and log of surviving fraction between
1.00 and 10 in agreement with an earlier finding
of Welsh and Adams (163). A similar result was
obtained in the instance of a photodynamic sub-
stance elaborated by haploid yeast on storage
(38).
QIJANTITATION OF pII0TO5EN5ITIzAT:ON
Three approaches have been used to quantitate
the photosensitization reaction: 1) the amount of
radiant energy needed to produce a given re-
sponse with a given concentration of sensitizer,
2) the concentration of sensitizer which results in
a certain response with a given quantity of light,
and 3) the specific reaction rate. In addition,
studies of the surviving fraction as a function of
the quantity of light at a given concentration of
of sensitizer, and surviving fraction as a function
of sensitizer concentration at a given dose of light
have been made. The inadequacy of these studies
becomes apparent when one considers that in no
ease has more than two of the four important
variables in this effect, concentration of biological
material, concentration of sensitizer, amount of
absorbed light (i.e., number of quanta of effective
wavelengths absorbed) and intensity of effective
wavelengths, been studied at the same time. The
difficulties of such experiments are appreciated
but this can be met by adequate changes in each
variable in turn, holding the others constant. Only
in this way will complex interactions between
the variables be revealed.
Determination of quantum requirement or effi-
ciency for the photodynamic process has never
been a very popular subject for investigation.
Blum (5) pointed out that with biological systems
such data were difficult to get. This apparently
had such profound influence on subsequent
investigators that no one has attempted the meas-
urement since. If quantum yields for the photo-
sensitized inactivation of typical cellular com-
ponents were available and if one knew which
biological response appeared when a particular
cellular component was effected, then a deter-
mination of the quantum yield for a particular
biological response of the whole cell would in all
probability pinpoint the cellular component
which was damaged. MeLaren (95) has pointed
out that the widely hypothesized rupture of pep-
tide bonds by ultraviolet light had too low a
quantum yield, compared to the quantum yield
for inactivation of enzymes, to account for the
observed enzyme inactivation. He further pointed
out that destruction of nucleic acid probably re-
sulted from rupture of sugar-polyphosphate bonds
since the action of ultraviolet light on model com-
pounds gave a quantum efficiency for sugar-
polyphosphate bond splitting higher than for any
other reaction which might occur. This view has
almost certain confirmation in the observation
that sugar-polyphosphate bonds are broken when
nucleic acid is depolymerized with ultraviolet
light. However, in a whole cell, we must assume
that each possible reaction will proceed simul-
taneously and at independent rates which are de-
pendent on a number of environmental factors.
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THE BIOLOGICAL MATERIAL AND THE RESPONSES
WHICH HAVE BEEN OBSEEVED
A recitation of each of the kinds of biological
material used and the kind of response noted
would add little to the picture given by Blum (5).
For those who may be interested in certain kinds
of test material, a table has been prepared (Table
III) listing biological material in four groups,
first, simple and complex cell components in-
cluding viruses and bacteriophage; second, single
celled organisms; third, tissues and organs and
fourth, whole multicelled creatures. In most in-
stances the skin of the latter has been used.
MECHANISM OF PHOTODvNAMIC ACTION
By correlation of some of the new and old data
for the photodynamic action of methylene blue
with some concepts derived from studies of the
effect of ultraviolet light on the living cell it may
be possible to get a clearer picture of the mecha-
nism of photoscnsitized biological response to ir-
radiation. From studies of the methylene blue
photosensitization of amino acids (159), enzymes
(157, 158, 161), and proteins (109, 135, 153,
154, 156), including simple proteins such as in-
sulin, and complex mixtures of proteins such as
human serum, the following picture emerges:
1) A protein methylene blue complex is first
formed which usually causes a shift in the ab-
sorption spectrum of the dye about 20 m toward
the red (5) (41), but occasionally other spectra
changes are noted (71, 154).
2) Histidine is the most readily altered of all
the amino acids either alone or as part of a simple
pure protein or in a mixture such as serum. The
first step in this alteration is to open the imidazole
ring (155).
3) Tryptophan is the next most easily dam-
aged amino acid, and in some instances may be
the first altered, probably by opening the pyrrole
ring.
4) Tyrosine is oxidized possibly to DOPA and
DOPA is probably melanized. Tyrosinc oxidation
does not begin until histidinc and tryptophan
disappear.
5) Cystinc has the —-88—- bond broken by an
unknown mechanism (41) but new —811 groups
appear.
6) Methioninc sulfoxidc is formed (159) from
mcthionine.
7) Other amino acids, particularly the prolines,
are altered, but only after extensive damage has
taken place, as outlined above.
8) Peptide bonds are not broken as a primary
result of photodynamic action (157, 159).
The above picture is further strengthened as
the possible basic effect of photodynamic action
on protein by observations that in the riboflavin
sensitized oxygen requiring inactivation of
lysozyinc, tryptophan destruction proceeds first
and parallels inactivation (130).
The situation with nucleic acids is not as clear
as with the proteins. Koeffier and Markert (79)
report the depolymcrization of deoxyribonucleic
acid with methylenc blue and a number of other
dyes and photodynamic agents. Bacteriophage is
inactivated, in the opinion of Yamamoto (168),
by action on the nucleic acid portion of these
materials. Experiments need to be run to deter-
mine the quantum yield for the several possible
reactions that may occur but it seems reasonable
to suppose that, when the data are available, it
will be found that as in the case of the amino
acids, the bond which is weakest (172) will be
the one broken both by ultraviolet light and by
photoscnsitized reactions. It would appear that
in the case of materials like hyaluronic acid,
which changes from metachromasia to ortho-
chromasia upon irradiation with visible light in
the presence of toluidine blue (24), that along
with depolymerization there was a loss of sul-
fate ester.
Whether the material which is affected by
photosensitized reactions is part of the cell mem-
brane, cytoplasm, cytoplasmic organelle (mito-
chondria or microsomes) or the nuclear material
or organelle is a difficult question to decide.
However, if we may borrow some results from
ultraviolet light studies a glimpse of what is
happening may be gotten. It has been generally
concluded (12) that those photobiological effects
which have an action spectrum similar to that
of the nucleoproteins and which are photorc-
versiblc are the result of nuclear damage. On
the other hand those photobiological effects
which arc not photorcvcrsiblc and have an action
spectrum similar to aromatic amino acid contain-
ing proteins are caused by cytoplasmic damage
(172). In this respect Brandt and Giese (12)
point out that a distinction needs to be made
for photoreversible reactions and metabolic re-
covery from cellular damage. In the category of
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TABLE III
Biological Malerials and Bffecls
Biological Material Effect Noted References
Amino Acids
Alanine Oxidative decarboxylation (159)
Cystine —SS— bond split (159)
Dopa Melanization (53
Histidine Oxidative decarhoxylation (53)
Histidine 1)estruction of imidazole ring (159)
Methionine Formation of methionine sulfoxide (159)
Phenylalanine Oxidation (159)
Tryptophan Oxidative decarboxylation (53)
Tryptophan Oxidation (159)
Tyrosine Oxidative decarboxylation (53)
Tyrosine Oxidation-melanization (159)
Proline Oxidative decarhoxylation (53)
Ascorbic acid Oxidation (83)
Oleic acid Oxidation (83)
Tyramine Dimerization and amine oxide formation (159)
Nicotine Dimerization and amine oxide formation (160)
Amines Amine oxide formation (160)
Proteins I
Enzymes (Purified)
Chymotrypsin Destruction of histidine and tryptophan resi- (157)
dues
Hyaluronidase Inactivation (120)
Lysozyme Destruction of histidine and trytophan resi- (130) (158)
dues
Ptyalin Inactivation (150)
Ribonuclease Destruction of histidine and trytophan resi- (161)
dues
Purified Single Proteins
Insulin Oxidation aromatic amino acid residues (156)
3-Lactog1obulin Oxidation aromatic Bmino acid residues (156)
Human albumin Destruction of histidine and tryptophan and (153)
denaturation
Human globin Destruction of histidine and tryptophan and (109) (155)
denaturation
Human globin Oxidation (152)
Horse globulin Destruction of histidine and tryptophan and (153)
denaturation
Horse albumin Destruction of histidine and tryptophan and (153)
denaturation
Contractile muscle pro- Increase viscosity and gels (117)
teins
Horse serum Deviation of specificity but little change in (73)
antigcnicity
Human blood serum Lowering of the polarographic oxygen wave (123) (124)
Blood plasma Destruction of histidine, tryptophan and tyro- (153)
sine and denaturation
Immune serum Immunological activity decreased (171)
Botulinum type A toxin Detoxification of the toxin but retention of an- (162)
tigenicity
Hyaluronic acid Change in viscosity (22)
Kallikrein Loss of hormone function (165)
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TABLE III—(Continued)
Biological Material Effect Noted References
Rat liver mitochondria
Yeast mitochondria
Deoxyribonucleic acid
Bacteriophage
Viruses
Herpes encephalitis
Ecto malia
Rabies
Typhus
Horse encephalomyelitis
Destruction of succinic dehydrogenase, cyto-
chrome oxidase, acid phosphatase, alkaline
phosphatase, apyrase activity. No change
in catalase
Destruction of cytochrome oxidase, apyrase
activity
Depolymerization
Inactivated
Inactivated
(59) (61)
(126)
(79)
(106) (136) (163)
(168) (169)
(129)
Bacteria
Gram negative
Escherichia coli
Escherichia coli B
Escherichia coli B/r
Spirochetes (relapsing fever)
Trypanosomes
Neuros pore crassia
Yeast
Living and dead cells
Paramecia
P. caudatum
P. caudatuni
Chick embryo cell culture
Chick embryo cell culture
(heart)
Nereis
Erythrocytes
Human
Rabbit
Single Celled Organisms
Killed
Killed
Killed
Killed
Killed
Killed
Killed
Induced mutations
Killed
Oxygen uptake faster with dead cells
Killed
Killed
Loss of motility and delay of division
Cytoplasmic blebs, interference with mitosis
Blister cytolysis and cellular denaturation di-
vision abnormality
Activates unfertilized eggs
Lysis
Lysis
Lysis
(45) (88) (137)
(140)
(55) (140)
(71)
(71) (72)
(69) (105)
(68)
(36)
(58) (60) (63) (166)
(47)
(29)
(3) (10) (18) (19) (20)
(34) (51) (55)
(56)
(90)
(134)
(1)
(27) (64) (111) (167)
(34)
(6) (31) (112) (113)
Tissues and Organs
Chick amnion
Urinary bladder of frog (Rana
temporania)
Perfused dog lung
Plant parts
Aster rootlets (Guizotia olei-
fera)
Lupine rootlets
Pea epicotyl sections
Contraction
Contraction
Histamine-like substance released
Growth inhibition
Growth inhibition
Accentuated phototropism
(9)
(7) (8)
(78)
(30)
(30)
(49)
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TABLE III—(Continued)
Whole [Ilulticelled Creatures
Biological Material ESect Noted References
Larvae
Mosquito Killed (127)
Drosophila melanogaster Killed (93) (94)
Rana esulenta Killed (145) (146)
Whole animals and parts ob-
served
Frog (Rana nigromaculata), Thickening of pigment in pigmented epithe- (86) (102)
retina Hum
Frog, skin Color of methylene blue restored (37)
Newt, whole Killed (46)
Animal, skin Erythema and edema (13)
Human, skin Erythema and edema (2) (6) (15) (32)
(98) (99) (107)
(119)
(74)
(108)
Guinea pig, skin Deeolorized methylene blue irreversibly (37)
Rabbit, skin Erythema and edema (29) (57) (66)
(110) (147)
(104)
Rabbit, oral mucosa Erythema and edema (67)
Sheep, skin Erythema and edema (26) (29) (91)
Mice, skin Erythema and edema (25)
Mice, whole Killed (29) (33)
Rats, skin Skin sensitivity (25)
Rats, skin Erythema and edema (48) (104) (151)
cytoplasmic effects one can clearly put the ciliary
movement of Paramecia caudatum since it con-
tinues even if the organism's nucleus is removed.
Graevskii, Ochinskaya and Shaak (56) report
loss of motility from which the paramecia recover
as one of the effects of sublethal doses of photo-
sensitizer and light. It is interesting that division
delay, a photoreversible effect with an action
spectrum resembling the absorption spectrum of
nucleoprotein (12), also accompanies this effect.
It would thus seem that both cytoplasmic and
nuclear damage occur in paramecia as the result
of photodynamic action and at the same time.
THE EFFECT OF ENVIRONMENTAL CHANGES ON
PHOTOSENSITIZED RESPONSE
In view of the foregoing, a new meaning may
be attached to observed effects of changes in the
environment at the time of irradiation.
Practically everyone has agreed that oxygen
is necessary for the photodynamic effect. Blum
(5) has adequately given the arguments for this.
However, Blum (4) also provided evidence that
at least in one case oxygen was not necessary for
the photodynamic effect (although at that time
he made eloquent arguments that a different
phenomenon was being observed). That oxygen
enhances the photosensitizing action of many
compounds cannot be denied. Many investigators
have assumed that the observed photoaetivity
of compounds like methylene blue in the absence
of oxygen was due to "residual" oxygen they
could not get out of the system (71, 163).
Oginsky and Fowlks (101) have recently observed
that in the photosensitized action of 8-methoxy-
psoralen on bacteria the presence of oxygen had
an inhibitory effect. It thus becomes clear that
oxygen can compete for the photoactivated state
of the sensitizer as well as participate in other
ways. Recent studies of the photodynamie effect
on protein mixtures such as blood serum, using
the polarograph to follow oxygen, reveals that a
dye-protein complex is first formed; this complex
is changed upon irradiation apparently to a dye
protein compound; oxygen disappears from the
solution but neither organic peroxide nor hydro-
gen peroxide appear (41, 154, 155). Oxygen,
it appears then, merely regenerates the dye by
242 THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
oxidation of the dye protein compound formed
from the photosensitized reaction. The require-
ment of light for this last reaction has not been
shown.
Changes in activity have been noted for
changes in pH in nearly every instance (5, 158)
(163). These changes are correlated with the
cationic-anionie character of both the sensitizer
and the biological material being sensitized
(168). If photo-inactive compounds of similar
structure are added to a mixture of photosensi-
tizer and bacteriophage before irradiation
Michaelis-Menton treatment of the data shows
"competitive inhibition" or competition for
sensitive centers (169).
The Qio for those cases where the temperature
coefficient has been reported varies from 1.00
to 1.3 (5, 31, 163). However in the frozen state
the effect observed disappears when a tempera-
ture of —210°C is obtained (6, 71).
Preineubation with photosensitizer in the
dark (34, 35, 72, 166) and increased tempera-
ture of preincubation in the dark (35) have been
shown to increase the observed effect. These
experiments were reported for the water insoluble
carcinogens only and may not hold if solubility
is not a factor.
The addition of a number of different sub-
stances have caused a decrease in the observed
response. Plasma or serum proteins added to
irradiation mixtures containing erythrocytes de-
crease the observed lysis (31) (64). Ascorbic acid
added to hematoporphyrin sensitized frog bladder
(8) reduces the light-induced contractions. Cys-
teine (20), serine (20), sodium sulfite (31),
nicotinamide (74), formaldehyde (112), sodium
salicylate (112), pyramidone (112) and acetoni-
trile (137) are all reported to reduce photody-
namic response. It is not exactly clear why any
of the above substances reduce the effect. Three
possibilities seem obvious and have been sug-
gested: 1) Competition for the photoactivated
sensitizer. 2) Competition for the effective wave-
lengths of light (screening effect). 3) Stimulation
of metabolic repair of photosensitized damage.
CONCLUSION
There is at present no evidence which makes
one doubt that, regardless of the subsequent
events, the primary event of photosensitization
is the absorption of light by the photosensitizer
molecule or by a complex of photosensitizer with
protein or nucleic acid. From then on events can
become complicated. That in some instances
biologically important compounds are oxidized
is well established; but does this represent the
important next step? It is equally possible, and is
suggested by observations, that some dyes are
irreversibly bound to cells after irradiation (47),
that photosensitizer-protein compounds can be
formed as a result of the action of light. The cell
might find such an event extremely difficult to
cope with. The possibility that an activated
sensitizer outside the cell could pass its energy
on to cell constituents inside the cell by long
range 'dipole-dipole' transfer (114) should not be
overlooked. Therefore an activated photosensi-
tizer molecule may cause one of the three follow-
ing results: 1) chemical combination of photo-
sensitizer with a sensitive cell constituent, 2)
chemical reaction (i.e., oxidation) of a sensitive
cell constituent or 3) indirect excitation of cell
constituents which through chemical changes
causes inactivation of vital cellular activities.
The real situation may well prove to be a balance
between the amount of damage suffered by cel-
lular components and the ability of the cell to
repair that damage. Non-repairable damage,
particularly to certain nucleoproteins, would
lead to either immediate or delayed death or mu-
tations.
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